Despite not have been yet identified by the IceCube detector, events generated from ν τ deep inelastic neutrino scattering in ice with varied topologies, such as double cascades (often called double bangs), lollipops and sugardaddies, constitute a potential laboratory for low-x parton studies. Here we investigate these events, analyzing the effect of next-to-next-to-leading order (NNLO) Parton Distribution Function (PDFs) in the total neutrino-nucleon cross section, as compared with the color dipole formalism, where saturation effects play a major role. Energy deposit profiles in the 'bangs' are also analysed in terms of virtual W -boson and tauon energy distributions and are found to be crucial in establishing a clear signal for gluon distribution determination at very small x. By taking the average (all flavor) neutrino flux (Φ ν ∼ E −2.3 ν ) into differential cross sections as a function of τ and W energies, we find significant deviations from pure DGLAP parton interactions for neutrino energies already at a few PeV. With these findings one aims at providing not only possible observables to be measured in large volume neutrino detectors in the near future, but also theoretical ways of unravelling QCD dynamics using unintegrated neutrino-nucleon cross sections in the ultrahigh-energy frontier. *
Neutrino physics has been achieving significant results and development in the last twenty years, such as the first detection of tau neutrinos [1] , the confirmation of neutrino oscillations [2] , etc. Big part of these achievements were attainable just after the construction and improvement of several neutrino detectors as the Super-Kamiokande [3] , IceCube [4] , MinibooNE [5] , among others that allowed more detailed studies of neutrino interactions at different energy scales. Currently, there are many proposals for new neutrino detectors or upgrades in the ongoing experiments like IceCube-Gen2 (South Pole) [6] , GVD (Baikal Lake) [7] and KM3NeT (Mediterranean Sea) [8] . Some of them are already in construction and once start operating shall improve statistics and sensitivity by roughly one order of magnitude.
IceCube, located in Antarctica, is a large volume of ice (more than 1 km 3 ) that acts as a Cherenkov-light detector. Its main purpose is to detect high-energy neutrinos when they scatter off the ice. Since its construction was finished it has already observed hundreds of high-energy neutrinos with energies above 100 TeV. Therefore, IceCube and similar detectors offer a wonderful possibility of studying high energy neutrino-nucleon collisions and as a result have a better understanding of the proton structure. Most of the high energy neutrinos will be of astrophysical origin and comprise electron, muon and tauon neutrinos, with expected flavour ratio of 1:1:1 [9] , since the neutrino oscillations average the ratio at the source in most accepted scenarios. Neutrinos can interact with the ice through the exchange of a photon or a Z boson. In these neutral current interactions, the neutrino is in the final state and carries part of its initial energy. The energy that is deposited in the ice (i.e. boson energy) will produce relativistic charged particles that in turn can produce Cherenkov radiation, which is actually what IceCube can detect. These neutral current events will produce a signature (or topology) called "shower", since they are a shower of produced particles. In these events, the neutrino flavour plays little to no role.
Much more common is the charged current (CC) interaction, in which a W boson is exchanged. In this case, the neutrino becomes an electron (or positron), muon or tauon after the interaction. Therefore, there is Cherenkov light emitted by the generated lepton and secondary relativistic charged particles. When electron or positron is created, they do not travel a long path inside the ice, since they readily interact with the medium. As such, their signature is also a shower of particles. However, muons travel longer in detectors than electrons, since they can more easily penetrate material. In doing so, a considerable amount of Cherenkov photons is emitted as they travel, and this signature is called appropriately a "track". Therefore, the detector can fairly distinguish muon neutrinos that interact by charged current.
The remaining possibility is the production of a tauon, that can also penetrate the medium like the muon. However, it decays much faster than muons and, if it has low energy, what is usually detected is the electron signature originated from the tauon decay, making impossible to distinguish the event from a regular electron or positron shower. However, if the tauon energy is of hundred TeV order or larger, it usually will go through a significant distance from the position where the neutrino interacted with matter until the decay position. It is estimated [10] that the average length of tauon decay scales with energy as roughly 5 cm/TeV.
Consequently, a high energy tauon generates a signature different than the regular "shower" ou "track". In a Cherenkov detector like IceCube, this pattern can be identified like two separated big hadron showers generated from the tau neutrino decay and the tauon decay, linked by a muon-like Cherenkov trace, corresponding to the path the tauon went through in between decays, as shown in Fig. 1 . This event is commonly referred to in the literature as a "double-bang" event [4] .
In the case one of the bangs happens outside the detector, a different Cherenkov-photons topology has to be identified. When the first bang happens outside the detector, the event is called a "lollipop" if the tauon decays to hadrons where we can just observe a track and a bang. If the tauon decays into muon, the event is identified as a "sugardaddy" topology. This one can be observed as a track crossing all the detector length that starts emitting few photons ("thin") and then suddenly becomes wider after the tauon decay. When the second bang happens outside the detector, it is a "inverted lollipop" topology. The biggest problem in detecting inverted lollipops is to distinguish them from regular muon tracks. The main topologies are reviewed in Ref. [11] .
Since the production of tauons provides more information about the neutrino-matter interaction than the more simpler shower or track events, we will consider the following at the left lower vertex, corresponds to the first "bang" generated once W ± interacts with a nucleon.
Likewise, at the right upper vertex, the second red 'blob' specifies the second "bang" occurring right after the τ lepton decays.
process in this paper:
Our main goal is to show how observables built from this reaction can provide information about nucleon structure, and we do this by using current models for the process as examples. Although these events were not identified on IceCube yet, it is expected that it should be detected soon, as the current probability to detection is of 90% at IceCube [12] . With the further developments on new detectors this could become much more common in next years [6, [13] [14] [15] ]. An approach we investigate is to determine the differential neutrino cross section on tauon (or W boson) energy, if it is possible to detect both bangs. Following this reasoning, the differential cross section is calculated from two different models, one using the parton distribution functions (PDFs) in a extended perturbative analysis and another from the dipole cross section model. The same idea can be used for the topologies in which only one bang is detected, if the astrophysical neutrino flux is known. As far as we know, this last possibility has not been investigated so far in the literature.
The importance of detecting tau neutrinos is to confirm the current picture of neutrino oscillations [12] and the expected ratio of 1:1:1. Also, the study of third generation particle interactions is frequently used to track signs of new physics (NP) [16] , and recent experiments performed in MinibooNE [17] and LHCb [18, 19] , present results that can suggest indications of NP in process involving tau neutrinos and tauons. A very recent example is the ANITA anomalous events [20] that are cosmic ray extensive showers with energies around 10 9 GeV, which could in principle be explained as tau neutrino decays. They are called anomalous since they are observed with an upward exit angle, but tau neutrinos lose energy when travelling through matter and therefore at this angle such occurrences should be very rare. The observation of the two events differ from Standard Model predictions at 5.8 σ confidence level, suggesting that in order to explain the phenomena, there can be a NP particle that can travel through the Earth and decays similarly to a tau neutrino.
This paper is organized as follows: in Sec. II, after looking at the basics of neutrinonucleon deep inelastic scattering, we review the PDF model and then the dipole method, using two proposed dipole cross sections: GBW [21] and Arguelles et al. (AHWKR) [22] . In Sec. III we present our results; i.e. calculate the total and the differential (on W boson energy) neutrino cross sections, comparing the results from the two methods and its implementations. Then, we integrate the differential cross section averaged by the astrophysical neutrino flux. In Sec. IV we give a summary and discuss the perspectives of the double-bang signature detection considering the results presented.
II. NEUTRINO-NUCLEON CHARGED-CURRENT DEEP INELASTIC

SCATTERING
In this section we review the basics of neutrino-nucleon charged-current deep inelastic scattering that are needed in order to obtain our results, as well as the two models employed. We take the nucleon to be an average of proton and neutron, the so called isoscalar target. We use the proton (nucleon) mass m p = 0.938 GeV/c 2 while the W mass is m W = 80.4 GeV/c 2 . We also discuss the neutrino flux at the end of the section.
Let us start with the kinematics. The tau neutrino, the tauon and the nucleon have four-momentum k, k and P , respectively. In the charged current interactions, the neutrino interacts with the nucleon through a W boson that carries four-momentum q = k − k with virtuality Q 2 = −q 2 . The c.o.m. energy squared is given by s = (k + P ) 2 . The other two invariants we choose to work with are the inelasticity parameter y = q · P/k · P and the Bjorken variable x = Q 2 /(2P · q). The virtuality in terms of these invariants is given by:
It is compelling to work in the reference frame where the target is at rest, since this is the lab frame for neutrino detectors. In this frame, the neutrino arrives with energy E ν , while the nucleon is at rest; the tauon has energy E τ and the energy of the W boson is E W = E ν − E τ . The inelasticity parameter is y = (E ν − E τ )/E ν and, in a double bang event, it is roughly the energy fraction of the first bang, while 1 − y = E τ /E ν is the energy fraction of the second bang. Also in the nucleon rest frame s = 2E ν m p + m
A. Parton model
The differential cross section for a neutrino-nucleon charged current interaction is given by [23] :
where
GeV −2 , and F T , F L , and F 3 are structure functions that depend on x and Q 2 . The plus (minus) sign is chosen for a incoming (anti)neutrino.
For the total cross section, we have to integrate 0 < y < 1 and 
In the QCD improved parton model, the nucleon structure is due to its composition in terms of partons. Specifically, for the case of a neutrino scattering off a isoscalar nucleon, at leading order (
and
is the down quark parton distribution function, u is the up quark, and so on. The above parton distributions will be taken from the global fit parametrizations CT14 [24] , MMHT14 [25] and NNPDF3.1 [26] through the LHAPDF [27] package. We will stay at leading order in the coefficient functions as, at high energies, α s corrections will be very small. However, for the parton evolution, we choose the PDFs at NNLO in order to include α i s ln j (Q 2 /Q 2 0 ) terms. As a result of this, the Q 2 dependence of the parton distributions are accounted in the best way available. Another issue is the momentum fraction x dependence. As the parametrizations are determined from available data, they are reliably known for x 10 −4 , e.g., Fig. 2 .1 of Ref. [26] . Below this limit, the PDF fitting groups make reasonable extrapolations that may differ. If a very small x is reached such as there is not an extrapolation provided by the group, the LHAPDF will provide one based on the smallest values of x available. This is an important point since, in this paper, the high energy neutrino will probe a region of very small x, for instance, the lower limit in x taking Q min ≈ m p will be x ≈ m p /2E W , and with a PeV neutrino, x ≈ 10 −6 will be probed. In this region, it is very well possible that the pQCD DGLAP evolution has to be supplemented by BFKL large log(1/x) resummation or some other absorptive corrections.
B. Color dipole models
To include very low-x corrections to the parton model in the present work, we also use the Color Dipole Model (CDM), following up closely two previous studies [22, 28] . In this approach, the first step is to define the probability density for a virtual boson W to fluctuate into a dipole, i.e., aqq pair, considering both transverse and longitudinal polarizations.This wave function is given by the following formulae in massless quark limit (see e.g. [28] ):
where z(z = 1 − z) specifies the fraction of longitudinal momentum of the quark (antiquark) in the pair and r defines the transverse distance of the dipole. In addition, K 0,1 are the zeroth and first-order modified Bessel functions andQ = zzQ 2 .
In this framework, structure functions are evaluated through the following integral [21] (with the sum over the number of masless quark flavours implicit):
where the dipole cross section, σ d (x, r), represents the imaginary part of the scattering amplitude of a quark-antiquark dipole,qq, off a nucleon target. These structure functions are then used in Eq. 2 with F 3 = 0. While the expressions for the photon wave function are consensus in the literature, there are many σ d (x, r) parametrizations. For that reason, here we analyze two dipole models, the first one being the well-known GBW dipole model [21] , for which: Despite the fact that heavy quarks can play a role at very high energy, such contribution was found to be small in [29] . Therefore, for consistency, we shall assume n f = 4 throughout our calculations with the GBW model, assuming (as previously mentioned) massless quarks. Moreover, to improve the model and account for large x region (x ∼ 1), we correct the structure functions, F T /L (x, Q 2 ) by a factor (1−x) 2ns−1 , with n s = 4 representing the number of sea quark flavours, following from the constituent quark counting rules as suggested in Ref. [28] . This correction provides a screening effect in the dipole cross section for x 10 −2 , where GBW is not supposed to give reliable results 1 .
The second model investigated is the hybrid pQCD-dipole model proposed by Argüeles et al. [22] (from hereon called AHWKR). Now the standard parton model is applied to compute structure functions F T and F L in the range 1 > x > x 0 . For simplicity, we repeat 2 the original choice of Ref. [22] , the arbitrary value x 0 = 10 −5 . Below the cutoff, where absorptive corrections become important, the dipole formalism is invoked with a specific dipole cross section.
In contrast to GBW model, the AHWKR dipole cross section monotonically increase in the small x region (and therefore does not saturate at large r). In effect, their dipole cross section derives from an approximation for large
Eq. 4 of Ref. [22] ), being roughly given by the logarithmic slope in
with z 0 = 2. 
and the γ terms are given by:
with A = ln 2 ) fit by BDH with the photoproduction cross section ofqq pairs, σ γ * p→qq+X [31] . This procedure is in order to make a safe interpolation between the validity domain of PDFs (x > x 0 ) and dipole models (x < x 0 ). The fit parameters of the model, a 0 , a 1 , a 2 , b 0 , b 1 , b 2 , c 1 , µ 2 , z 0 and n follow from Table I of Ref.
[22], except for n (which is given in Table I of Ref. [31] ).
The predictions of models GBW and AHWKR for CC observables such as the total cross section, σ νp and W energy distributions, dσ νp /dE W are given in Section III. Next, we discuss how the astrophysical neutrinos flux and the cross section in the context of parton and dipole models can be used to estimate inelasticity profiles of double bangs in IceCube and next generation detectors.
C. Neutrino flux
Most of the neutrinos at very high energies will be of astrophysical origin, as observations at IceCube [33, 34] have disfavoured the hypothesis that such events can be produced by interaction of cosmic rays with the cosmic radiation background (cosmogenic neutrinos) or with the atmosphere (conventional and prompt atmospheric neutrinos). We will assume that the flux composition is (ν e : ν µ : ν τ ) = (1 : 1 : 1), which is appropriate for PeV neutrinos of astrophysical origin. This is a result of averaging over astronomical distances due to neutrino mixing, even if the original sources produce a biased ratio (see e.g. Ref. [35] , where astrophysical neutrino flux is discussed at length). As the current detectors cannot discern between an incoming neutrino and its respective antiparticle, we should consider the average between the νp and theνp interactions. However, as discussed in [36] for energies above 100 TeV the cross sections of ν andν are almost identical, so the average gives the same result of just analysing the νp interaction.
Nonetheless, the flux dependence on neutrino energy is of course important, but not completely understood. Here we shall assume, as given in Fig. 4 of Ref. [37] , a power law spectra ∼ E −(2+δ) ν , namely:
with φ 0 = 1.5 · 10 −8 GeV / (cm 2 s sr), δ = 0.3 and E 0 = 100 TeV. In the above expression f ν represents the neutrino flux per detector area, observation time and solid angle. While the angular dependence of the flux is nontrivial and important [38] , here we are mostly interested in the proton structure, so we will use physical quantities and ratios that are not sensitive to it. Experimentally this could be realized considering only downgoing neutrinos to reduce the uncertainty on the flux due to absorption and regeneration [29, 39] .
III. RESULTS AND DISCUSSION
Our results for the total cross section appear in Fig. 2 , where we present the parton model calculations using three distinct NNLO PDFs, namely CT14, MMHT14, and NNPDF31, as well as two color dipole models, AHWKR and corrected GBW. We stress that this Fig.  is practically the same if we are talking about electron, muon or tauon neutrinos. Up to E ν = 10 9 GeV, there is a good agreement of the three parton distribution results; in special for CT14 and NNPDF31, for which the curves almost overlap in a wider energy range. At the higher energies, where with the low-x behaviour becomes more significant, the difference among the results can be of about a factor 2, as one notice that MMHT14 extrapolation to x 10 −6 yields a significant smaller cross section. σ(E ν ) (nb)
Charged-current (CC) neutrino-isoscalar nucleon (ν-(p + n)/2) cross section as a function of laboratory neutrino energy, E ν , calculated for CT14 [24] , MMHT14 [25] , and NNPDF3.1 [26] NNLO parton distribution functions (PDFs); as well as for AHWKR [22] and corrected GBW [21] color dipole models. For the hybrid model AHWKR, the perturbative QCD component is switch off for x < 10 −5 .
Adding the dipole model into the analysis, one can see significant discrepancies at E ν = 10 9 GeV already, while at high energies the dipole model results are around 40% of the largest PDF ones. AHWKR shows a larger suppression at 10 12 GeV, while agreeing more with the PDFs at lower energies; for instance, at energies of E ν = 10 8 GeV or smaller, we see that all curves agree, except the corrected GBW one. We stress that not correcting GBW by a factor (1 − x) 2ns−1 (as explained in Section II B) might generate an even larger discrepancy already in the energy range of 10 6 − 10 7 GeV.
With our focus in x and Q 2 regions where the structure of the proton is not determined from available experiments, one seeks less inclusive observables that can be sensitive to modelling of structure functions in these regions. Here is where the double bangs events can be useful, as both bang energies can be in principle measured. The first bang will be roughly proportional to the W boson energy, while the second bang will be related to the tauon energy. As we shall show, variations in this observable may be truly important already at lower energies, since it is a less inclusive result. GBW   FIG. 3 . DIS neutrino-nucleon (isoscalar) differential cross-section in the W −boson energy for NNLO PDFs CT14 [24] , MMHT14 [25] , and NNPDF3.1 [26] and color dipole models AHWKR [22] and corrected GBW [21] for a neutrino laboratory-frame energy of E ν = 10 8 GeV.
In Figs. 3, 4 , and 5 we show the differential cross section obtained from Eq. 2 once integration in x is performed in the appropriate kinematical range. Again we analyze the three PDF sets aforementioned (CT14, MMHT14, and NNPDF3.1) and the two dipole models (GBW and AHWKR) at three neutrino energies: E ν = 10 8 , 10 10 , and 10 12 GeV. The figures are built in such a way that the contribution to the total cross section (area under the curve) can be easily seen (E W dσ/dE W by log scale in E W ).
In Fig. 3 , we see practically no difference among the parton distribution functions and dipole models for neutrino energy up to 1 PeV. However, dipole models show some difference, for instance, when the first bang energy is E W 10 7 GeV. This behaviour can be easily understood by noting that, at this energy, x min ∼ 10 −6 and therefore the dynamics of DIS E ν = 10 10 GeV
FIG. 4. DIS neutrino-nucleon (isoscalar) differential cross-section in the W −boson energy for NNLO
PDFs and color dipole models for a neutrino laboratory-frame energy of E ν = 10 10 GeV.
starts to be dominated by very low-x partons. In this respect, it is also worth noticing the smooth transition of the AHWKR model from pure DGLAP evolution to the saturation regime, starting at ∼ 3 × 10 7 GeV. These differential cross sections show that information from a measurement of double bang events will shed some light into the proton structure, as we found significant discrepancies among the extrapolations (specially for large inelasticities 0.3 y < 1). When integrated, small and large E W behaviours lead to a total νN cross section from different models that are very similar. Therefore, energy distributions such as the one displayed yield much more clear signatures of parton saturation then integrated cross sections already at a lower neutrino energy.
Moving towards the very high energy frontier, one analyses also dσ/dE W at higher neutrino energies, like E ν = 10 10 and 10 12 GeV. Our results are displayed in Figs. 4 and 5. In comparison to Fig. 3 , these results are even more sensitive to different low-x extrapolations. On one hand, CT14 and NNPDF3.1 produce compatible results (within a few percent) in both cases, while MMHT14 result is less than half of the others at 10 12 GeV; and is actually closer to the saturation models GBW and AHWKR. A very interesting aspect of this results is that it clearly shows that DGLAP partons can show a behaviour very close to the one showed by dipole models. On the other hand, dipole models produce even smaller cross sections at large E W with increasing neutrino energy. but also their magnitudes relative to the corresponding cross section values predicted by PDFs. So, in case of clear identification of a double bang event, the energy evolution of the magnitude of the signal observed might be used to discriminate among various scenarios of low-x QCD evolution. Still considering an incoming tau neutrino, if the first bang is not detected but the second one is, we have a suggardaddy or a lollipop event. Therefore, one can be sure about the tauon energy, but there will be little or no information about the neutrino energy. Now the right choice is to integrate over the neutrino flux and the price to pay is that now we have some uncertainty due to lack of precise knowledge about that flux. In this context, a possible observable to look at would be another differential cross section, in this case as function of the τ energy, namely:
As before, x integration is performed with the differential cross section given in Eq. 2, resulting in a differential spectrum for y; that in turn shall be integrated over the average flux considering E ν > E τ .
In Fig. 6 , we show our calculations of the differential cross section in Eq. 18, using the same PDF sets and dipole models used before. between them, we normalize, at each tauon energy, all results by the NNPDF one. For tauon energies larger than 10 9 GeV, all calculated curves produce very distinct results, meaning that depending on number of gluons predicted by a particular DGLAP evolved set or a particular dipole model, we will see more or less lollipop and sugardaddy events. An equivalent way of understanding these results is to look at the slope of these curves. Models in which the proton structure (gluon number or dipole cross section) grows faster at decreasing x or at increasing Q 2 will have a more positive (less negative) slope. Put in other words, for models which include parton saturation, the relative probability (density) of finding a second bang inside the detector region becomes significant smaller. For instance, for very energetic tauons, typically with E τ = 10 9 GeV, AHWKR and GBW predictions can be some 15 − 35% lower than pure DGLAP dynamics provide.
An important feature of these results is small sensitivity to changes in the neutrino flux. In fact, we have tested some variations in the neutrino-energy dependence of the neutrino flux by allowing the exponent δ in Eq. 17 to vary in the range 0.2 − 0.4 and found that our curves do not change much in this respect. This is mainly due to the fact the integration in Eq. 18 is dominated by the lower energy neutrinos, as the neutrino flux is reasonable hard. However, a problem may arise at energies of E τ > 10 9 , as in this case the tauon will travel on average more than the atmosphere thickness, and the measurement of such kind of events will only happen at small angles above the horizon, reducing the total number of them. Next, following previous discussions, we propose a possible analysis of inverted lollipop events, in which the first bang happens inside the detector and the second bang is not detected. Again it is necessary to integrate over the neutrino energy considering the incoming flux, but this time it is the W boson energy that is fixed.
In Fig. 7 , we show our results for the normalized cross section as a function of W boson energy. Compared to Fig. 6 , we see more severe discrepancies among the various models. Interestingly, deviations from pure DGLAP behaviour start a little earlier, at 10 7 GeV (one order of magnitude earlier than the other topologies). This is expected though, as the steep decrease of the flux will cut off large E ν = E W + E τ contributions. Therefore, the curves one shows in Fig. 7 are dominated by small E ν energy; and with E W fixed, E τ shall be small compared to E W in order to probe the small x region. As before, the detection of this class of event would be very informative for studies of parton saturation, as it could reveal, already at a few PeV, severe discrepancies among scenarios with or without gluon saturation.
IV. CONCLUSION
In this work we have studied the interaction of astrophysical neutrinos with matter. We start by calculating the neutrino-nucleon charged current total cross section, σ νN , in a large energy range (spanning from a few PeV up to EeV) using two classes of models: partons and dipoles. As expected, screening effects due to parton saturation at small x play a major role in the cross section, already at 10 9 GeV. However, in spite of being an important observable to distinguish various models of QCD interactions, at the energies in which there are more discrepancy among models is also when the flux of astrophysical neutrinos is expected to be very small.
Having identified this problem, we recognize the analysis of differential cross sections in W-boson energy as a viable observable in the special case of double bang events. In this context, we found large differences between PDF and dipole models, specially in the region of mid to large inelasticities, 0.3 y < 1, already at lower neutrino energies such as E ν = 10
8 GeV. We also show plots for energies of 10 10 and 10 12 GeV, as our main goal in
this study is to demonstrate the potential usefulness of these results in discriminating among some scenarios of parton saturation and usual DGLAP dynamics. Our findings qualify the differential observable dσ/dE W as a proper tool to investigate low-x QCD processes, due to the fact that double bangs can be measured in Cherenkov radiation based detectors in the near future.
Nonetheless, we propose a parallel investigation of events in which only one bang is detected, such as lollipops, sugardaddies and inverted lollipops, by following a similar approach. In order to do that, we integrate the differential cross section over the neutrino energy, including the neutrino flux but keeping the dependence in E τ (as it can be measured in events with lollipop and sugardaddy topologies). The same can be done for inverted lollipop events, although in this case the variable to be kept fixed if the first bang energy (E W ). Interestingly, we found significant discrepancy among the various NNLO PDFs tested (NNPDF3.1, CT14 and MMHT14) and dipole models in all results, even at a relatively low neutrino energy of 10 6 GeV, demonstrating that such approach can indeed be used to better understand QCD dynamics at very low-x.
In conclusion, the measurement and detailed study of high energy tau neutrino interactions like double bang, lollipop, sugardaddy and inverted lollipop events can provide new information on the proton (nucleon) structure at small x in a not so distant future. More important, it can be achieved in astrophysical neutrino experiments, at energies not reachable by current colliders. This knowledge will be, of course, of great value not only in revealing essential features of QCD dynamics at the PeV-EeV scale and beyond, but also in studying potential backgrounds for new physics.
